Abstract-Atmospheric science based on space-borne millimeter wave measurements require reliable and state-of-theart receivers. In particular, the water vapor line at 183.3 GHz motivates the development of sensitive mixers at this frequency. Traditional assembly techniques employed in the production of Schottky diode receivers involve flip-chip mounting and soldering of discrete dies, which prohibit the implementation of reliable and repeatable production processes. In this work, we present a subharmonic 183 GHz mixer implementing a repeatable assembly method using beamlead Schottky diodes. The mixer was integrated with a InP HEMT MMIC low noise intermediate frequency amplifier resulting in a record-low receiver noise temperature of 450 K at 1 mW of local oscillator power measured at room-temperature. The measured Allan time was 10 s and the third order local oscillator spurious power was less than -60 dBm. The proposed assembly method is of particular importance for space-borne missions but also applicable to a wide range of terahertz applications.
I. INTRODUCTION
Meteorological data is increasingly requested in order to gain deeper understanding of the mechanisms that drive climate change. Atmospheric research is dependent on space-borne remote sensing [1] , in particular water vapor measurements since water vapor plays a major role in the Earth's radiative budget [2] . By heterodyne detection of the 23. 8 GHz spectral line or the 183.3 GHz spectral line the water vapor profile can be measured, where the latter is 10-100 more sensitive [3] . The importance of observations at 183.3 GHz drives the development of reliable and sensitive receivers capable of room temperature operation, for space-borne as well as for ground based instrumentation. Moreover, the increasing complexity of systems operating with multiple frequency channels demands for stringent requirements on spurious response and susceptibility to interference, which directly translates to stability and spurious emission. Schottky diode based receivers have shown to be robust and reliable with superior performance at terahertz frequencies [4] making Schottky technology the obvious choice in space applications.
Traditional Schottky mixers use flip-chip diodes in an inverted suspended stripline circuit topology [5] - [8] which prohibits post assembly visual inspection required for reliability qualification in space applications. Furthermore, the inverted circuit must be glued to obtain a dc-ground which introduces mechanical stress and thereby degrading the reliability further as pointed out in [6] . Apart from the mixer implementation the receiver packaging is crucial in order to obtain key receiver performance in terms of stability and local oscillator (LO) spurious generation. The success of a mission is dependent on these performance parameters but are seldom presented. This paper presents a 169. 8 -196.8 GHz Schottky diode receiver with state-of-the-art sensitivity. The receiver design is based on high reliability membrane integrated Schottky diode beamlead technology and assembly processes which have been subject to stringent ESA space qualification programs as part of the Jupiter Icy moon Explorer mission (JUICE) and the second generation Meteorological Operational satellite programme (MetOp). The receiver consists of a subharmonic GaAs membrane beamlead Schottky diode mixer that employs a non-inverted circuit topology, thereby enabling visual inspection of the circuit and diode anode. The circuit topology also offers robustness by avoiding the glued inverted substrate topology making it highly qualified for space applications. State-of-the-art receiver noise temperature is presented and short-term stability (Allan time) and third order local oscillator spurious power are characterized.
II. RECEIVER DESIGN
The receiver consists of a 183 GHz subharmonic Schottky diode mixer integrated with a 0.3 -13 GHz InP MMIC low noise amplifier (LNA) as seen in Fig. 1 . The mixer and the intermediate frequency (IF) LNA have been co-designed to a large degree by the implementation of a matching network which also includes the LNA gate bias. The LNA output is connected to a SMA connector using a 50 Ω transmission line. This is all integrated in the same mechanical housing including the amplifier bias control and protective circuit boards located in an inner and outer compartment with additional internal and external dc-feedthrough filters. 
A. Mixer Design
The subharmonic 183 GHz mixer is based on a hybrid circuit topology and is pumped with a LO frequency of 91.65 GHz. The mixer circuit utilize high and low impedance sections plated on a 5488 µm long, 300 µm wide and 102 µm thick thin film quartz substrate mounted in a microstrip split-block channel using silver epoxy glue as seen in. Fig. 2 . A Smith chart is also presented where the optimum mixer circuit impedances at 183 GHz and 91.65 GHz are seen as blue and red diamond geometries respectively and are derived from the conversion loss contours. The silver epoxy is seen in grey and is applied onto the channel floor prior to substrate placement. Traditionally, mixers using long thin film quartz substrates have a degraded reliability due to mechanically stressed substrates. This is because the circuit is glued at the substrate edges but in this design the mechanical stress has been minimized by positioning the epoxy in the center of the substrate. Rectangular waveguides are used to couple the radio frequency (RF) signal and the LO to the anti-parallel diodes through E-probes centered in waveguides with reduced heights. The mixer topology is based on [9] where the diodes are located close to the RF E-probe. This minimizes the RF loss and thereby improves the conversion loss. To obtain a well-defined dc-ground, the anti-parallel diodes is suspended between the substrate and the mechanics by bonding one beamlead to the circuit and the other beamlead to a mechanical platform as seen in Fig. 3 . The suspended diode topology provides visual inspection of the mixer circuit and diodes in every assembly step -thereby making it easier to achieve a high degree of quality control of the mixer assembly. The model includes the silver epoxy glue seen in grey which is used to mount the mixer circuit. A hammerhead filter provides a high local oscillator rejection. The Smith chart presents the mixer circuit optimum impedances at 183 GHz (blue diamond) and 91.65 GHz (red diamond) in a 50 Ω system.
B. LNA Matching Network Design
The three stage InP HEMT LNA, with a minimum noise temperature of 10 K at 1 GHz, was co-designed with the mixer by introducing a matching network between the LNA MMIC input and the high impedance IF output of the mixer. This reduces the length between the mixer and the LNA thereby improving the IF standing wave ratio which has a significant impact on the receiver gain and noise flatness. By integrating the mixer and LNA a highly isolated IF environment is obtained making the receiver more resilient to electromagnetic interference pickup improving the short-term receiver stability. A photograph of the MMIC LNA and the matching network including dc-block capacitors and LNA bias resistors are seen in Fig. 4 . The mixer bondpad is seen to the left and the output 50 Ω transmission line is seen to the right. 
C. LNA Bias Circuit Board Design
The gold plated aluminium receiver split block is shown in Fig. 5 where the LNA bias protective circuit board is mounted. Feedthrough filters connects the circuit board to the LNA voltage and current controller board which is located in a compartment beneath the seen circuits. This reduces the footprint of the receiver. The dc-feedthrough filters suppress unwanted high frequency signals thereby improving the shortterm stability further.
III. MEASUREMENT SETUP
The receiver noise temperature was measured using the Yfactor method in an automatic hot/cold setup. A chopper mirror switched between the cold load at room temperature and the hot load at 80 ºC with a switching time of ~300 ms. A corrugated horn antenna was used and an in-house x6 W-band frequency multiplier acted as a LO source. The input power source was a HP 8672A synthesizer operating at 15.275 GHz with an output power of 5.5 dBm and by controlling the multiplier voltage bias the LO power into the mixer was varied. The short-term stability of the receiver was measured with the same Y-factor setup but instead the receiver was only observing the hot load having a temperature variation of ± 0.1 K. The non-filtered IF signal was sampled with a power meter for one hour and the sampling frequency was 1.5 kHz. The video bandwidth was 250 Hz. The stability measurement was done in a lab environment without any thermal stabilization of the receiver.
The third order LO spurious power at the RF waveguide interface was measured using a Keysight PNA-X 5242A with a WR3.4 VNA extender from VDI connected to the WR5.1 RF waveguide. The receiver was pumped with a LO power of 2.5 mW and the power of the 274.938 GHz tone was measured with a 10 Hz window swept from 274.936 GHz to 274.953 GHz.
IV. RESULTS
The receiver showed an overall noise temperature below 800 K, over the 0.3 -13.7 GHz IF band, including horn antenna losses, at a LO power of 1 mW. A minimum noise temperature of 450 K, translating to a noise figure of 4 dB, was measured at an IF of approximately 1 GHz and a typical noise temperature of 520 K was measured over the frequency band 0.5 -8 GHz as seen in Fig. 6 . The receiver noise simulation takes thermal noise and shot-noise into account and agrees well with the measurement. The increase in noise temperature around 10 GHz is due to a standing wave between the LNA and the mixer and is a result of the matching network design which had an upper frequency limit of about 8 GHz.
The measured overlapping Allan variance is presented in Fig. 7 where the stable integration time (Allan time) is in the order of 10 s. The deviation from the 10 dB/decade theoretical line around 5 s integration time is most likely due to receiver temperature drift which is not accounted for in the theoretical case.
The third order LO spurious power is shown in Fig. 8 where the power is in the order of -60 dBm. The LO power was 2.5 mW which is 1.5 mW higher compared to the minimum receiver noise LO drive level. Some decrease in third order LO spurious power is therefore expected when operating the receiver at nominal LO power which was simulated to fall in the -70 dBm range. A comparison between state-of-the-art Schottky mixers and Schottky, HEMT and CMOS receivers are presented in Table  1 . The measured minimum receiver noise temperature, which includes the LNA noise temperature and antenna losses is lower than reported mixer noise temperatures and in the same order as reported HEMT receiver noise temperatures. V. CONCLUSION A state-of-the-art 183 GHz Schottky receiver implementing a repeatable and robust assembly method, based on membrane integrated beamlead Schottky diodes, has been demonstrated. The simple mixer assembly enables visual inspection of the process thereby improving the reliability of the receiver. Careful package integration and co-optimization of the mixer with the IF LNA reduces losses and improves susceptibility to electromagnetic interference. The measured minimum receiver noise temperature is 450 K and the measured short-term receiver stability and third order LO spurious power is 10 s and below -60 dBm respectively. Considering the RF performance, the proposed mixer implementation and receiver assembly method makes this receiver highly suitable for space and other demanding terahertz applications.
